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Human Disease Consequences of Fiber
Exposures: A Review of Human Lung
Pathology and Fiber Burden Data

by Victor L. Roggli*

Inhalation of asbestos fibers results in a variety of neoplastic and nonneoplastic diseases of the respi-
ratory tract. Some of these diseases, such as asbestosis, generally occur after prolonged and intensive
exposure to asbestos, whereas others, such as pleural mesothelioma, may occur following brief exposures.
Inhalation of nonasbestiform mineral fibers can occur as well, and these fibers can be recovered from
human lung tissue. Thus, there has been considerable interest in the relationship between mineral fiber
content of the lung and various pathologic changes. Techniques for fiber analysis of human tissues have
not been standardized, and consequently results may differ appreciably from one laboratory to another.
In all reported series, extremely high fiber burdens are found in the lungs of individuals with asbestosis.
Although there is a correlation between the tissue concentration of asbestos fibers and the severity of
pulmonary fibrosis, further studies of the mineralogic correlates of fiber-induced pulmonary fibrosis are
needed. Mesothelioma may occur with fiber burdens considerably less than those necessary to produce
asbestosis. More information is needed regarding the migration of fibers to the pleura and the numbers,
types, and dimensions of fibers that accumulate at that site. Patients with asbestosis have a markedly
increased risk for lung cancer, but the risk of lung cancer attributable to asbestos in exposed workers
without asbestosis who also smoke is controversial. Combined epidemiologic-mineralogic studies of a well-
defined cohort are needed to resolve this issue. In addition, more information is needed regarding the

potential role of nonasbestos mineral fibers in the pathogenesis of lung cancer.

Introduction

The development of techniques for assaying the min-
eral fiber content of tissues has provided researchers
with the opportunity to correlate the occurrence of var-
ious fiber-related diseases with the cumulative fiber bur-
dens in the target organ. Exposure to asbestos gener-
ally occurs through the inhalation of airborne fibers, and
thus the respiratory tract is the site of most asbestos-
related diseases. Consequently, most studies of tissue
fiber burdens have concentrated on the analysis of lung
parenchyma. Asbestos is both fibrogenic and carcino-
genic with respect to the respiratory system, with dis-
eases occurring in the pleura (pleural plaques, diffuse
pleural fibrosis, malignant mesothelioma) and in the
lung (asbestosis, bronchogenic carcinoma). The patho-
logic features of these diseases have been reviewed in
detail elsewhere (1-4) and will be discussed only insofar
as they relate to lung fiber burdens.

Asbestos is not a single mineralogic entity, but rather’

a group of mineralogic species that share the properties
of high tensile strength, flexibility, and relative thermal
and chemical resistance. Two major groups of asbesti-
form minerals include serpentines and amphiboles.

*Durham Veterans Administration and Duke University Medical
Centers, Durham, NC 27710.

Chrysotile asbestos is the sole representative of the
serpentine group, and its structure, chemical compo-
sition, and persistence in biological systems differs ap-
preciably from those of the amphiboles. Commercially
valuable forms of amphibole asbestos include amosite
and crocidolite. Other amphiboles, including actinolite,
anthophyllite, and tremolite, have little or no commer-
cial value but may be found as contaminants of a variety
of other mineral substances. Details of the physical and
chemical properties of the various asbestiform minerals
have been reviewed elsewhere (5). In addition, a variety
of nonasbestiform fibrous minerals may be identified in
human lung tissue samples, including tale and other
silicates, silica, carbon, metal oxides (such as titanium,
iron, or aluminum), zeolites, and man-made mineral fi-
bers (6-8).

It is the purpose of this review to discuss various
aspects of human lung fiber burden data as they relate
to pulmonary disease. This will include a critical review
of techniques for analyzing lung fiber burdens and the
limitations of extrapolating results from one laboratory
to another. The results of mineral fiber analysis in spe-
cific diseases, including asbestosis, mesothelioma, be-
nign pleural diseases, and carcinoma of the lung, will
also be evaluated. Finally, areas where there are gaps
in our knowledge will be specifically identified, with
suggestions for future research directions.
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Techniques for Analysis of
Pulmonary Fiber Burdens

Several techniques have been devised for assaying
mineral fiber content of human lung tissue (7,9-12).
These techniques generally involve three basic steps:
a) dissolution and removal of the organic matrix ma-
terial of the lung in which the fibers are embedded; b)
recovery and concentration of the mineral fibers; and c)
analysis of the mineral fiber content by some form of
microscopy. As summarized in Table 1, the actual an-
alytical result obtained on any one sample can be pro-
foundly influenced by the steps in the analytical pro-
cedure employed by the investigator. Indeed, inter-
laboratory comparison trials have shown that striking
differences can occur between laboratories even when
the same sample is analyzed (18). An ongoing interna-
tional interlaboratory comparison study is now drawing
to its close, and should provide information regarding
which steps in the analysis produce the greatest dis-
crepancies. In addition, intralaboratory variation can
occur, which may be either due to changes in a labo-
ratory’s procedures over time (14) or to variation in fiber
content from one site to another within the lung (15,16).

Such interlaboratory variation makes it difficult to
compare results obtained by different laboratories. This
does not necessarily invalidate the results of human
fiber burden studies, since there is evidence for internal
consistency within individual laboratories (13). Rather,
one must cautiously compare results between labora-
tories, keeping in mind differences in analytical tech-
niques. Furthermore, when interpreting fiber burden
data, one must realize that the analysis is occurring at
a single point in time, usually when advanced disease
is present. The fiber burden at that point may or may
not relate to the tissue fiber content at the time when
disease was actively evolving—a period of great inter-

Table 1. Factors affecting fiber burden data.

Digestion procedure
Wet chemical digestion (alkali, enzymes)
Low temperature plasma ashing
Number of sites sampled

Recovery procedure
Use of a centrifugation step
Use of a sonication step
Filtration step (type of filter, pore size)

Analytical procedure
Microscopic technique (LM, PCM, TEM, SEM)*
Magnification used
Sizes of fibers counted and other counting rules
Numbers of fibers or fields actually counted

Reporting of results

Asbestos bodies or fibers (or both combined)

Sizes of fibers counted

Concentration of fibers (per gram wet or dry lung or per cubic

centimeter)

*LM, light microscopy; PCM, phase contrast microscopy; TEM,
transmission electron microscopy; SEM, scanning electron micros-
copy.

est to investigative biologists. Nonetheless, there is a
growing consensus that the fiber burdens which accu-
mulate in the lung are the primary determinant of sub-
sequent disease (17).

Asbestosis

Asbestosis is by definition pulmonary interstitial fi-
brosis developing in response to inhalation of asbestos
fibers. The minimal histologic criteria for the diagnosis
of asbestosis include peribronchiolar fibrosis associated
with accumulations of asbestos bodies (2,18). Some in-
vestigators have challenged the requirement for finding
asbestos bodies in histologic sections, since some work-
ers are exposed almost exclusively to chrysotile-con-
taining products (19), and chrysotile forms asbestos bod-
ies less readily than amphibole asbestos fibers (20).
However, studies of chrysotile miners and millers (21)
and my own observations of textile workers exposed to
chrysotile fiber show that asbestos bodies are readily
found in histologic sections of individuals with asbes-
tosis. Furthermore, these asbestos bodies can be shown
by means of energy dispersive spectrometry to have
chrysotile cores (21,22).

Several studies have examined the asbestos content
of lung tissue in series of patients with asbestosis
(18,23-26). These data are summarized in Table 2. The
values obtained are roughly similar among the reported
series, with the exception of the unusually high median
count for asbestos bodies in the study by Ashcroft and
Heppleston (24) and the high mean count for uncoated
fibers by electron microscopy in the study by Wagner
et al. (26). Most of the discrepancies can be explained
by methodologic differences. For example, Whitwell et
al. (23) used phase contrast light microscopy (PCLM)
and counted all fibers greater than or equal to 6 pm in
length, counting coated and uncoated fibers together.
Ashcroft and Heppleston (24) used PCLM at a magni-
fication of 400 X and counted all visible fibers, enum-
erating coated and uncoated fibers separately. Warnock
et al. (25) used transmission electron microscopy (TEM)
and counted all fibers exceeding 0.25 pm in length. Wag-
ner et al. (26) used the PCLM method of Ashcroft and
Heppleston (24) as well as TEM. Roggli (18) used scan-
ning electron microscopy (SEM) at a magnification of
1000 x to count all fibers with length greater than or
equal to 5 pm. Both Warnock et al. (25) and Roggli (18)
counted asbestos bodies by conventional light micros-
copy. The median uncoated fiber count exceeds one mil-
lion (10°) fibers per gram of dried lung in all five studies.
When these values are compared to the background
levels of pulmonary fiber burden in the general popu-
lation as reported by various laboratories (18,23,26,27),
it is observed that patients with asbestosis generally
have extremely high fiber burdens.

These observations fit well with epidemiologic data,
which indicate that asbestosis generally occurs in in-
dividuals with prolonged and heavy exposure to air-
borne asbestos fibers (28). In addition, the data suggest
that analysis of tissue asbestos burdens may be useful
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Table 2. Asbestos content of lung tissue in reported series of patients with asbestosis (18).*

Asbestos bodies/g

Uncoated fibers/g

No. of cases Method® dried lung dried lung Reference
8
23 PCLM (1.0-70) (23)
32
22 PCLM (0.49-192) (1.3-493) (24)
1.5
100 PCLM (0.001-31.6) (26)
0.378¢ 3.3¢
76 SEM© (0.006-16) (0.18-125) (18)
0.123 5.68
22 TEM¢ (0.001-17.38) (1.6-121) (25)
372
170 TEM (< 1.0-10,000) (26)

*Values reported are the median counts for millions (10°) of asbestos bodies or uncoated fibers per gram of dried lung tissue, with ranges
indicated in parentheses, except for the study of Wagner et al. (26), where only the mean value could be obtained from the data presented.

®PCLM, phase contrast light microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy.

¢In these two studies, asbestos bodies were counted by conventional light microscopy. '

9Values multiplied by a factor of 10 (approximate ratio of wet to dry lung weight) for purposes of comparison.

for distinguishing asbestosis from other types of inter-
stitial fibrosis, including idiopathic varieties. Although
this distinction can be made in the vast majority of cases
by the identification of asbestos bodies in histologic sec-
tion (2,18), cases have been reported in which asbestos
bodies could not be demonstrated histologically (29,30).
The problem is to determine what level of fiber burden
should be required to diagnose asbestosis in cases where
asbestos bodies are not found in tissue sections. Most
of the data for uncoated fibers (Table 2) relate to fibers
which are 5 pm or greater in length and suggest that
at least a million fibers per gram of dry lung tissue
should be present. This level is further supported by
the study of Roggli (18) correlating the histologic se-
verity of asbestosis with the tissue burden of uncoated
fibers 5 pm or greater in length. The regression line in
this study had an intercept of 100,000 fibers/g wet lung
(approximately 10° fibers/g dry lung) at a histologic
score of 0 (i.e., no fibrosis).

Whereas the pathogenicity of asbestos fibers 5 wm or
greater in length is well established, that of shorter
fibers remains unproven (31,32) and is an area requiring
further investigation. The problem is compounded by
the fact that short chrysotile fibers are a ubiquitous
contaminant, they are difficult to count accurately (33),
and they may be found in substantial numbers within
lung tissues of individuals from the general population
(27). There is insufficient data in the literature to sug-
gest any level of short fibers as a criterion for the di-
agnosis of asbestosis. Short fibers are usually present
in lung tissue in substantially greater numbers than long
fibers (i.e., = 5 wm in length) (11,27). Therefore, it is
difficult to accurately assess the numbers of long fibers
that are present in studies employing TEM to count all
visible fibers at a high magnification (e.g., 20,000 X or
greater). One suggestion for future correlative pathol-

ogy fiber burden studies employing TEM is the use of
a stratified counting scheme that takes into account the
numbers and dimensions of both short and long fibers.

Although there is a good correlation between num-
bers of fibers per gram of lung tissue and severity of
pulmonary interstitial fibrosis (18,23-26), there is a
wide scatter in the data, indicating that factors other
than tissue fiber burden are involved in determining the
ultimate degree of fibrosis which develops (18,24). In
this regard, studies by Timbrell et al. (34,35) have
shown that in individuals exposed to the various types
of amphibole asbestos, the severity of pulmonary fibro-
sis correlates better with the relative fiber surface area
per unit weight of tissue than with the relative fiber
number or mass, as determined by magnetic alignment
and light scattering. These observations need to be con-
firmed by electron microscopic techniques that take into
account not only fiber number, mass, and relative sur-
face area, abut also fiber dimensions and in particular
absolute numbers of long fibers. In addition, it is nec-
essary to determine which if any of these factors apply
to asbestosis due to the inhalation of chrysotile. A recent
study in this regard by Churg et al. (36) showed a direct
correlation between fiber concentration and severity of
fibrosis for both chrysotile and contaminating tremolite
fibers, but no correlation of fibrosis with fiber size, sur-
face area, or mass for chrysotile and an inverse corre-
lation with fiber length, aspect ratio, and surface area
for tremolite. Clearly, further studies of the mineralogic
correlates of fiber-induced pulmonary fibrosis are
needed.

Mesothelioma

Mesothelioma is a malignant tumor that derives from
the serosal lining of the body cavities. The most common
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site of origin is the pleura, followed by the peritoneum
and pericardium. The pathologic features of these tu-
mors have been reviewed elsewhere (2,37,38). Mesothe-
lioma is a rare form of malignancy, and its occurrence
is strongly associated with exposure to asbestos fibers
decades prior to the development of clinical symptoms
(1,28,39). Epidemiologic studies have shown that me-
sothelioma can develop years after brief or low level
exposures, and recent studies have indicated that there
are cases of mesothelioma for which no prior exposure
to asbestos can be identified (37,40,41). Therefore, there
has been considerable interest in the mineral fiber con-
tent of the lung in patients with mesothelioma.
Several studies have examined the asbestos content
of lung tissue in series of patients with mesothelioma
(23,42-47). These data are summarized in Table 3. Com-
parison with the data in Table 2 shows that there is
considerable overlap of fiber content among patients
with asbestosis and mesothelioma. This is not surpris-
ing, since according to Antman (48), about 20% of pa-
tients with pleural mesothelioma also meet criteria for
asbestosis [26% in the series of Whitwell et al. (23), 21%
in the series of Roggli et al. (46)]. Studies examining
the pulmonary fiber burdens in groups of patients with
asbestosis versus mesothelioma have shown that me-
sothelioma may occur with fiber burdens considerably
less than are required to produce asbestosis (23,46).
This observation is in agreement with the epidemiologic
findings noted above. One very important exception to
this observation has been reported in miners and millers
of chrysotile asbestos (49). In these patients, the total
fiber burden in chrysotile workers with mesothelioma
is considerably greater than the median fiber concen-
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trations in workers with asbestosis. Furthermore, the
ratio of tremolite (a contaminant of chrysotile ore) to
chrysotile is considerably greater in the lungs of the
workers with mesothelioma than in the workers with
asbestosis (44,49). These observations and scattered re-
ports of mesothelioma occurring in individuals exposed
environmentally to tremolite have led some investiga-
tors to propose that it is the tremolite component of the
chrysotile ore which is responsible for the development
of mesothelioma in chrysotile mine workers (49).

In consideration of Stanton’s observations that fibers
greater than 8.0 um in length and less than 0.25 pm in
diameter are the most efficient at producing mesothe-
lioma experimentally (50), it is of interest to examine
fiber dimension data in studies of human lungs with
regard to mesothelioma. The study by Churg and Wiggs
(43) of amphibole-induced mesothelioma showed that
39% of amosite fibers and 23% of crocidolite fibers were
5 pm or greater in length. In contrast, the study by
Churg et al. (44) of chrysotile-related mesotheliomas
showed that only 11% of chrysotile fibers and 13% of
tremolite fibers exceeded 5 wm in length. The vast ma-
jority of fibers in both studies were less than 0.25 pm
in diameter (43,44). Lippmann (35) concluded in his re-
view of the human and animal data that it is primarily
fibers greater than 5 pm in length and less than 0.1 pm
in diameter that are responsible for the development of
mesotheliomas. The fiber dimension and fiber burden
data from chrysotile versus amphibole-induced meso-
thelioma in humans are consistent with either the hy-
pothesis that a) large numbers of short (<5 wm) asbes-
tos fibers are carcinogenic for the pleura in man, or that
b) large burdens are necessary to provide sufficient

Table 3. Asbestos content of lung tissue in reported series of patients with mesothelioma.®

Asbestos bodies/g Uncoated fibers/g
No. of cases Method® dried lung dried lung Reference
0.75
100 PCLM — (0-70) (23)
11
15 SEM — (2-490) “42)
2.4
14 SEM — (0.4-37) 45)
48¢ 0.81¢
19 SEM*® (0.002-9770) (0.012-28.9) 46)
3.5
10 TEM — (0.1-85.2) “43)
238
6 TEM — (52-2190) (44)
3.2
20 TEM¢ (0.04-450) 18 47)

#Values reported are the median counts for thousands (10%) of asbestos bodies or millions (10°) of uncoated fibers per gram of dried lung
tissue, with ranges indicated in parentheses, except for the study of Gaudichet et. al. (47), where only the mean value for total fibers per gm

dried lung could be obtained from the data presented.

®PCLM, phase contrast light microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
¢In these two studies, asbestos bodies were counted by conventional light microscopy.
9Values multiplied by a factor of 10 (approximate ratio of wet to dry lung weight) for purposes of comparison.
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numbers of “Stanton-sized” tremolite fibers. However,
the data are also consistent with a third possibility: due
to chrysotile’s fragility and tendency to break into small
individual fibrils, very high exposure levels are neces-
sary to maintain a sufficient level of “Stanton-sized”
chrysotile fibers in contact with the pleura. This latter
hypothesis may be applicable to possible mesothelioma
risks from nonasbestos mineral fibers, such as manmade
mineral fibers, many of which are either soluble in vivo
(51) or tend to fracture transversely, resulting in
shorter fibers that may be more readily cleared from
the lung (52).

An area requiring further study is the migration and
distribution of amphibole versus chrysotile fibers to the
visceral and parietal pleura. It is reasonable to assume
that fibers actually reaching the pleura are the ones
responsible for diseases of the pleura, and the dimen-
sions and types of fibers accumulating in the pleura are
not necessarily similar to those accumulating in the lung
parenchyma. In this regard, Sebastien et al. (53) re-
ported that in individuals exposed to mixtures of fibers,
there was a relative accumulation of longer amphibole
fibers in the lung parenchyma, whereas short chrysotile
fibers accumulate in the pleura. However, Churg et al.
(44) were unable to find a difference in the size or type
of fibers isolated from peripheral versus central lung
parenchyma in Canadian chrysotile workers. One prob-
lem with such studies is that samples of peripheral lung
necessarily include a large proportion of lung paren-
chyma, so that any differences between fiber content of
lung parenchyma and visceral pleura per se would be
masked or minimized. Although there are substantial
data now available on the fiber content of lung paren-
chyma from the general population with various ana-
lytical techniques (23,27,46,47), no comparable data ex-
ist for the visceral and parietal pleura. Furthermore,
the migration of fibers from the lungs to the peritoneal
cavity needs to be further clarified.

Benign Pleural Disease

The most common pathologic abnormality related to
the inhalation of asbestos fibers is the parietal pleural
plaque. These lesions occur as circumscribed, elevated
areas of pleural thickening with a cartilaginous consis-
tency, located most often over the domes of the dia-
phragm or along the posterolateral chest wall overlying
the ribs (2). They are ivory colored with a smooth or
knobby surface (the latter resembling candle wax drip-
pings), and may be calcified. Other pleural abnormalities
related to asbestos exposure include diffuse visceral
pleural fibrosis, rounded atelectasis, and benign asbes-
tos pleural effusion. These abnormalities apparently re-
sult from inflammation and repair stimulated by asbes-
tos fibers reaching the pleural surface. Epidemiologic
studies indicate that benign asbestos-related pleural
diseases may develop following brief or low level ex-
posures (1,28).

Several studies have examined the asbestos content
of lung tissue in series of patients with benign asbestos-

related pleural disease (42,54—57). Most of these have
dealt with parietal pleural plaques, and the studies are
summarized in Table 4. These data show that patients
with parietal pleural plaques have tissue fiber burdens
that are on the average substantially lower than those
of patients with asbestosis (Table 2 vs Table 4) and are
somewhat lower than but of about the same order of
magnitude as patients with mesothelioma (Table 3 vs
Table 4). The studies by Warnock et al. (54) and Churg
(55) both showed a significant increase in the concen-
trations of commercial amphiboles (amosite or croci-
dolite) in the lungs of patients with plaques as compared
to a reference population, but no significant differences
for chrysotile or noncommercial amphiboles. Whitwell
et al. (23) included 21 patients with pleural plaques in
their normal control series of 100 cases, and found that
55% of the cases with more than 20,000 fibers/g by
PCLM but only 5.5% of cases with fewer than 20,000
fibers/g had plaques. All of these observations support
a role for asbestos fibers in the production of pleural
plaques and confirm the epidemiologic findings that
plaques may develop following brief or low-level ex-
posures. The study of patients with diffuse pleural fi-
brosis by Stephens et al. (57) indicates that these pa-
tients have on the average a greater fiber burden than
patients with plaques alone, but less than patients with
asbestosis (Table 2 vs Table 4).

Many of the questions raised in the previous section
with respect to mesothelioma also apply to benign as-
bestos-related pleural disease, particularly in regard to
migration of fibers to the pleura. The mechanism of
formation of pleural plaques and their peculiar locali-
zation to the parietal pleura is poorly understood, es-
pecially in terms of the dimensions and types of fibers
that gain access to this compartment.

Carcinoma of the Lung

The association between asbestos exposure and an
increased risk for lung cancer has been well-established
epidemiologically (1,28,32), and cigarette smoking and
asbestos appear to act in a synergistic fashion to in-
crease this risk (58). The pathologic features of lung
cancer among asbestos workers are similar to those of
nonexposed cigarette smokers, showing the same dis-
tribution of histologic patterns (46,59). There is an in-
creased predominance of lower lobe cancers among as-
bestos workers in contrast to the upper lobe pre-
dominance in nonexposed cigarette smokers (60). The
association between asbestos-exposure and lung cancer
is widely accepted for patients with asbestosis, and
some investigators have proposed the concept that
these tumors are scar cancers. However, only a minor-
ity of cases fit the classic concept of a peripheral scar
carcinoma, and most are the usual bronchogenic carci-
noma. Whether lung cancers occurring in cigarette
smoking asbestos workers without asbestosis can be
partly attributed to the asbestos exposure is a highly
controversial issue (61-66). It is therefore of interest



300 V. L. ROGGLI

Table 4. Asbestos content of lung tissue in reported series of patients with benign asbestos-related pleural disease.*

Asbestos bodies/g Uncoated fibers/g
No. of cases Method"® dried lung dried lung Reference
2.2
14 SEM — (0.1-13) 42)
48.7° 0.5°
17 SEM (0-408) (0.007-1.74) (56)
7.8° 0.54¢
20 TEM¢ (0.3-9,600) (0.018-171) 54)
17.3¢ 1.14¢
29 TEM? (0-194) (ND) (55)
0.131
7 PCLM — (0.029-0.378) 57
28.9
TEM — (9.2-83.5)

*Values reported are the median counts for thousands (10°) of asbestos bodies or millions (10°) of uncoated fibers per gram of dried lung
tissue, with ranges indicated in parentheses, except for the study of Churg (55), where only the mean value for total fibers per gram was given
and a range could not be determined (ND).

°PCLM, phase contrast light microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy.

¢ Values multiplied by a factor of 10 (approximate ratio of wet to dry lung weight) for purposes of comparison.

91In these two studies, asbestos bodies were counted by conventional light microscopy.

¢ Cases in series of Stephens et al. (57) are diffuse pleural fibrosis. All others are parietal pleural plaques.

to review what has been learned from fiber burden lung and found similar asbestos body and fiber counts
analysis in this regard. in these two groups as compared to 20 patients with

Several studies have examined the asbestos content  pulmonary metastases and 20 with cardiovascular dis-
of lung tissue in series of patients with lung cancer ease. Roggli (56) studied 30 selected cases of lung cancer
(23,25,4,7,56,67) and these data are summarized in Table ~ with some history of asbestos exposure, but without
5. The values reported depend not only on the analytical  asbestosis or pleural plaques. The series of Warnock et
techniques employed by the various authors, but onthe  al. (25) included 7 of 9 cases with histologically confirmed
way the cases were selected as well. Whitwell et al.  asbestosis, and the series of Warnock and Isenberg (67)
(23) examined 100 consecutive cases of lung cancer and  included 12 of 62 cases with asbestosis. These studies
found very similar results between cancer cases and indicate that in populations with no appreciable occu-
controls. Gaudichet et al. (47) included 20 patients with ~ pational exposure to asbestos and with substantial ex-
squamous carcinoma and 20 with adenocarcinoma of the  posure to cigarette smoke, there is little evidence for a

Table 5. Asbestos content of lung tissue in reported series of patients with lung cancer.®

Asbestos bodies/g Uncoated fibers/g
No. of cases Method® dried lung dried lung Reference
0.009
100 PCLM — (0-0.115) (23)
11.8° 0.25¢
30 SEM (0-510) (0.007-1.74) (56)
0.16
40 TEM? (0-290) 16 47
35.6 5.83
9 TEM? (0.41-840) (3.10-73.3) (25)
3.75 2.18
75 TEM* (0-1000) (0.077-97) (67)

*Values reported are the median counts for thousands (10%) of asbestos bodies or millions (10°) of uncoated fibers per gram of dried lung
tissue, with ranges indicated in parentheses, except for the study of Gaudichet et al. (47), where only the mean value for total fibers per gram
dried lung could be obtained from the data presented.

®PCLM, phase contrast light microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy.

¢ Values multiplied by a factor of 10 (approximate ratio of wet to dry lung weight) for purposes of comparison.

91In these three studies, asbestos bodies were counted by conventional light microscopy.
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Table 6. Asbestos content of lung tissue in reference or control populations.®

Asbestos bodies/g

Uncoated fibers/g

No. of cases Method® dried lung dried lung Reference

0.007

100 PCLM (0-0.521) 23)
0.020¢ 0.034¢

10 SEM¢ (0-0.22) (0.016-0.056) (22)

0.25

28 SEM (0-4.8) 45)
0.28¢ 1.29¢

20 TEM¢ (0.02-0.84) (0.260-7.55) 27

20 TEM® (0-3.2) 11.2 (0%9)]

23 TEM 0.62 (72)

2Values reported are the median counts for thousands (10%) of asbestos bodies or millions (10°) of uncoated fibers per gram of dried lung
tissue, with ranges indicated in parentheses, except for the study of Gaudichet et al. (47), where only the mean value for total fibers per gram

dried lung could be obtained from the data presented.

®PCLM, phase contrast light microscopy; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
¢ In these three studies, asbestos bodies were counted by conventional light microscopy.
9Values multiplied by a factor of 10 (approximate ratio of wet to dry lung weight) for purposes of comparison.

contributing role for asbestos in these cancers (23,47)
and that in populations with some occupational exposure
to asbestos but without asbestosis, the tissue asbestos
burden is greater than that of the general, nonexposed
population (25,56,67). These studies do not prove
whether asbestos is a substantial contributing factor to
the lung cancers in those patients exposed to asbestos
who do not have asbestosis.

These observations are not surprising when one con-
siders that 85 to 90% of lung cancers occurring annually
in the United States are attributable to cigarette smok-
ing, whereas as few as 2% of cases may be related to
asbestos exposure (68). However, the association of
lung cancer with asbestosis is truly astounding, with
somewhere between 40 and 65% of individuals with as-
bestosis ultimately succumbing to carcinoma of the lung
(1,28,69). Indeed, it is quite possible that the excess
numbers of lung cancers occurring in asbestos-exposed
populations are entirely attributable to those occurring
in individuals with asbestosis (61), although others have
argued that it is the amount of asbestos exposure rather
than the fibrotic reaction that is the determining factor
(67). In order to resolve this issue, it will be necessary
to study tissue fiber burdens in cohorts of asbestos
workers who do not have asbestosis. One could then
use logistic analysis to compare fiber burden levels and
smoking history in individuals dying from lung cancer
versus other causes of death. In this manner, it could
be determined whether differences are explainable by
smoking habit alone or if fiber burden is a separate
contributing factor. Fiber dimensions are probably im-
portant as well, and in this regard, Lippmann (35) con-
cluded in his review of the human and animal data that
it is primarily fibers greater than 10 pwm in length and
greater than 0.15 pm in diameter that are responsible
for development of lung cancer.

Further study of the possible role of nonasbestos min-
eral fibers and nonfibrous mineral particles in the path-
ogenesis of lung cancer is also needed. It has been sug-
gested that the increased numbers of mineral fibers and
particles found in the lungs of smokers with lung ¢ancer
as compared to a group of age-matched smokers without
lung cancer may play a pathogenetic role (70). Alter-
natively, smokers who develop lung cancer may simply
have genetically determined less efficient clearance
mechanisms for fibers, particles, tars, and associated
carcinogens that may find their way into the respiratory
tract (71).

Normal Lungs

Determination of background levels of fibers to be
expected in the general population is an extraordinarily
difficult task because it is no simple matter to define
what is normal or to exclude unknown exposures. Sev-
eral investigators have established ranges of fiber bur-
dens identified in control or reference populations
(22,23,27,45,47,72), and some of these are summarized
in Table 6. The variations in reported values can largely
be accounted for by methodologic differences and pa-
tient selection criteria. In any analysis of fiber burden
data in a population with a given disease, it is of critical
importance to compare the findings with those of an
appropriate reference or control population for which
the same analytical technique was employed.

REFERENCES

1. Selikoff, I. J., and Lee, D. H. Asbestos and Disease. Academic
Press, New York. 1978.

2. Craighead, J. E., Abraham, J. L., Churg, A., Green, F. H. Y.,
Kleinerman, J., Pratt, P. C., Seemayer, T. A., Vallyathan, V.,
and Weill, H. Pathology of asbestos-associated diseases of the



302

10.

11.
12.

13.

14.

15.

16.

17.
18.

19.
20.

21.

22,

23.

24.

V. L. ROGGLI

lungs and pleural cavities: diagnostic criteria and proposed grad-
ing schema. Arch. Pathol. Lab. Med. 106: 544-596 (1982).

. Dail, D. H., and Hammar, S. P., Eds. Pulmonary Pathology.

Sprmger-Verlag, New York, 1988

. Churg, A., and Green, F. H. Y., Eds. Pathology of Occupatlonal

Lung Dlsease Igaku-Shom, New York, 1988.

. Pooley, F. D. Asbestos mineralogy. In: Asbestos-Related Malig-

nancy (K. Antman and J. Aisner, Eds.), Grune and Stratton,
Orlando, FL, 1987, pp. 3-27.

. Churg, A. Nonasbestos pulmonary mineral fibers in the general

population. Environ. Res. 31: 189-200 (1983).

. Roggli, V. L., Mastin, J. P., Shelburne, J. D., Roe, M. S., and

Brody, A. R. Inorganic particulates in human lung: relationship
to the inflammatory response. In: Inflammatory Cells and Lung
Disease (W. S. Lynn, Ed.). CRC Press, Inc., Boca Raton, FL,
1983, pp. 29-62.

. Roggli, V. L. Nonasbestos mineral fibers from human lungs. In:

Microbeam Analysis—1989 (A. D. Romig, Jr., and W. F. Cham-
bers, Eds.), San Francisco Press, Inc., San Francisco, CA, 1989,
pp. 57-59.

. Pooley, F. D., Oldham, P. D., and Um, C. -H. The detection of

asbestos in tissues. In: Pneumoconiosis: Proceedings of the In-
ternational Conference, Johannesburg, 1969 (H. A. Shapiro, Ed.),
Oxford University Press, Capetown, South Africa, 1970, pp. 108—
116.

Langer, A. M., Ashley, R., Baden, V., Berkley, C., Hammond,
E. C., Mackler, A. D., Maggiore, C. J., Nicholson, W. J., Rohl,
A. W., Rubin, I. B., Sastre, A., and Selikoff, I. J. Identification
of asbestos in human tissues. J. Occup. Med. 15: 287-295 (1973).
Churg, A. Fiber counting and analysis in the diagnosis of asbes-
tos-related disease. Human Pathol. 13: 381-392 (1982).
Vallyathan, V., and Green, F. H. Y. The role of analytical tech-
niques in the diagnosis of asbestos-associated disease. CRC Crit.
Rev. Clin. Lab. Sci. 22: 1-42 (1984).

Gylseth, B., Churg, A., Davis, J. M. G., Johnson, N., Morgan,
A., Mowe, G., Rogers, A., and Roggli, V. Analysis of asbestos
fibers and asbestos bodies in tissue samples from human lung: an
international interlaboratory trial. Scand. J. Work Environ.
Health 11: 107-110 (1985).

Ogden, T. L., Shenton-Taylor, T., Cherrie, J. W., Crawford, N.
P., Moorcroft, S., Duggan, M. J., Jackson, P. A., and Treble, R.
D. Within-laboratory quality control of asbestos counting. Ann.
Occup. Hyg. 30: 411-425 (1986).

Morgan, A., and Holmes, A. The distributions and characteristics
of asbestos fibers in the lungs of Finnish anthophyllite mine-work-
ers. Environ. Res. 33: 62-75 (1984).

Morgan, A., and Holmes, A. Distribution and characteristics of
amphibole asbestos fibres in the left lung of an insulation worker
measured with the light microscope. Br. J. Ind. Med. 40: 45-50
(1983).

Wagner, J. C., and Pooley, F. D. Mineral fibres and mesothe-
lioma. Thorax 41: 161-166 (1986).

Roggli, V. L. Pathology of human asbestosis: a critical review.
In: Advances in Pathology, Vol. 2 (C. M. Fenoglio-Preiser, Ed.),
Yearbook Publishers, Inc., New York, 1989, pp. 28-49.
Becklake, M. R. Asbestosis criteria. Arch. Pathol. Lab. Med.
108: 93 (1984).

Roggli, V. L., and Brody, A. R. Imaging techniques for appli-
cation to lung toxicology. In: Toxicology of the Lung (D. E. Gard-
ner, J. D. Crapo, and E. J. Massaro, Eds.), Raven Press, New
York, 1988, pp. 117-145.

Holden, J., and Churg, A. Asbestos bodies and the diagnosis of
asbestosis in chrysotile workers. Environ. Res. 39: 232-236
(1986).

Roggli, V. L. Scanning electron microscopic analysis of mineral
fibers in human lungs. In: Microprobe Analysis in Medicine (P.
Ingram, J. D. Shelburne, and V. L. Roggli, Eds.), Hemisphere
Publishing Corp., New York, 1989, pp. 97-110.

Whitwell, F., Scott, J., and Grimshaw, M. Relationship between
occupations and asbestos fibre content of the lungs in patients
with pleural mesothelioma, lung cancer, and other diseases.
Thorax 32: 377-386 (1977).

Ashcroft, T., and Heppleston, A. G. The optical and electron

26.

217.

29.

30.
31.
32.

34.

35.
36.

317.

39.

40.
41.

42.

43.

45.

46.

417.

microscopic determination of pulmonary asbestos fibre concen-
tration and its relation to the human pathological reaction. J. Clin.
Pathol. 26: 224234 (1973).

. Warnock, M. L., Kuwahara, T. J., and Wolery, G. The relation

of asbestos burden to asbestosis and lung cancer. Pathol. Annu.
18(2): 109-145 (1983).

Wagner, J. C., Moncrief, C. B., Coles, R., Griffiths, D. M., and
Munday, D. E. Correlation between fibre content of the lungs
and disease in naval dockyard workers. Br. J. Ind. Med. 43: 391-
395 (1986).

Churg, A., and Warnock, M. L. Asbestos fibers in the general
population. Am. Rev. Respir. Dis. 122: 669-678 (1980).

. Becklake, M. R. Asbestos-related diseases of the lung and other

organs: their epidemiology and implications for clinical practice.
Am. Rev. Respir. Dis. 114: 187-227 (1976).

Dodson, R. F., Williams, M. G., O’Sullivan, M. F., Corn, C. J.,
Greenberg, S. D., and Hurst, G. A. A comparison of the ferru-
ginous body and uncoated fiber content in the lungs of former
asbestos workers. Am. Rev. Respir. Dis. 132: 143-147 (1985).
Warnock, M. L., and Wolery, G. Asbestos bodies or fibres and
the diagnosis of asbestosis. Environ. Res. 44: 29-44 (1987).
Gross, P. Is short-fibered asbestos dust a biological hazard? Arch.
Environ. Health 29: 115-117 (1974).

Craighead, J. E., and Mossman, B. T. The pathogenesis of as-
bestos-associated disease. N. Engl. J. Med. 306: 1446-1455
(1982).

. Steel, E. B., and Small, J. A. Accuracy of transmission electron

microscopy for the analysis of asbestos in ambient environments.
Anal. Chem. 57: 209-213 (1985).

Timbrell, V., Ashcroft, T., Goldstein, B., Heyworth, F., Meur-
man, L. O., Rendall, R. E. G., Reynolds, J. A., Shilkin, K. B.,
and Whitaker, D. Relationships between retained amphibole
fibres and fibrosis in human lung tissue specimens. In: Inhaled

Particles VI (W. H. Walton, Ed.), Pergamon Press, Oxford, 1987.

Lippmann, M. Asbestos exposure indices. Environ. Res. 46: 86—
106 (1988).

Churg, A., Wright, J. L., DePaoli, L., and Wiggs, B. Mineralogic
correlates of fibrosis in chrysotile miners and millers. Am. Rev.
Respir. Dis. 139: 891-896 (1989).

Roggli, V. L., Kolbeck, J., Sanfilippo, F., and Shelburne, J. D.
Pathology of human mesothelioma: Etiologic and diagnostic con-
siderations. Pathol. Annu. 22(2): 91-131 (1987).

. Hammar, S. P., and Bolen, J. W. Pleural neoplasms. In: Pul-

monary Pathology (D. H. Dail and S. P. Hammar, Eds.), Sprin-
ger-Verlag, New York, 1988, pp. 973-1028.

Wagner, J. C., Sleggs, C. A., and Marchand, P. Diffuse pleural
mesothelioma and asbestos exposure in the North Western Cape
Province. Br. J. Ind. Med. 17: 260-271 (1960).

McDonald, A. D., and McDonald, J. C. Malignant mesothelioma
in North America. Cancer 46: 1650-1656 (1980).

Peterson, J. T., Greenberg, S. D., and Buffler, P. A. Non-as-
bestos-related malignant mesothelioma: a review. Cancer 54: 951—
960 (1984).

Gylseth, B., Mow¢, G., Skaug, V., and Wannag, A. Inorganic
fibers in lung tissue from patients with pleural plaques or malig-
nant mesothelioma. Scand. J. Work Environ. Health 7: 109-113
(1981).

Churg, A., and Wiggs, B. Fiber size and number in amphibole
asbestos-induced mesothelioma. Am. J. Pathol. 115: 437-442
(1984).

. Churg, A., Wiggs, B., DePaoli, L., Kampe, B., and Stevens, B.

Lung asbestos content in chrysotile workers with mesothelioma.
Am. Rev. Respir. Dis. 130: 1042-1045 (1984).

Mowé, G., Gylseth, B., Hartveit, F., and Skaug, V. Fiber con-
centration in lung tissue of patients with malignant mesothelioma:
a case-control study. Cancer 56: 1089-1093 (1985).

Roggli, V. L., Pratt, P. C., and Brody, A. R. Asbestos content
of lung tissue in asbestos-associated diseases: a study of 110 cases.
Br. J. Ind. Med. 43: 18-28 (1986).

Gaudichet, A., Janson, X., Monchaux, G., Dufour, G., Sebastien,
P., DeLajartre, A. Y., and Bignon, J. Assessment by analytical
microscopy of the total lung fibre burden in mesothelioma patients



49.

51.

52.

55.

51.

HUMAN FIBER BURDEN DATA

matched with four other pathological series. Ann. Occup. Hyg.
32 (Suppl. 1): 213-223 (1988).

. Antman, K. H. Malignant mesothelioma. N. Engl. J. Med. 303:

200-202 (1980).
Churg, A. Chrysotile, tremolite, and malignant mesothelioma in
man. Chest 93: 621-628 (1988).

. Stanton, M. F., Layard, M., Tegeris, A., Miller, E., May, M.,

Morgan, E., and Smith, A. Relation of particle dimension to car-
cinogenicity in amphibole asbestoses and other fibrous minerals.
JNCI 67: 965-975 (1981).

Morgan, A., Holmes, A., and Davison, W. Clearance of sized
glass fibres from the rat lung and their solubility in vivo. Ann.
Occup. Hyg. 25: 317-331 (1982).

Wright, G. W., and Kuschner, M. The influence of varying lengths
of glass and asbestos fibres on tissue response in guinea pigs. In:
Inhaled Particles IV (W. H. Walton and B. McGovern, Eds.),
Pergamon Press, Oxford, 1977, pp. 455-474.

. Sebastien, P., Fondimare, A., Bignon, J., Monchaux, G., Des-

bordes, J., and Bonnaud, G. Topographic distribution of asbestos
fibers in human lung in relation to occupational and nonoccupa-
tional exposure. In: Inhaled Particles IV (W. H. Walton and B.
McGovern, Eds.), Pergamon Press, Oxford, 1977, pp. 435-444.

. Warnock, M. L., Prescott, B. T., and Kuwahara, T. J. Numbers

and types of asbestos fibers in subjects with pleural plaques. Am.
J. Pathol. 109: 37-46 (1982).

Churg, A. Asbestos fibers and pleural plaques in a general au-
topsy population. Am. J. Pathol. 109: 88-96 (1982).

. Roggli, V. L. Analytical electron microscopy of mineral fibers

from human lungs. In: Proceedings of the 45th Annual Meeting
of the Electron Microscopy Society of America (G. W. Bailey,
Ed.), San Francisco Press, San Francisco, CA, 1987, pp. 666—
669.

Stephens, M., Gibbs, A. R., Pooley, F. D., and Wagner, J. C.
Asbestos induced diffuse pleural fibrosis: pathology and miner-
alogy. Thorax 42: 583-588 (1987).

. Hammond, E. C., Selikoff, I. J., and Seidman, H. Asbestos ex-

59.

61.

62.

e

&

67.

69.
70.
1.

72,

303

posure, cigarette smoking, and death rates. Ann. NY Acad. Sci.
330: 473-490 (1979).

Churg, A. Lung cancer cell type and asbestos exposure. JAMA
253: 29842985 (1985).

. Weiss, W. Lobe of origin in the attribution of lung cancer to

asbestos. Br. J. Ind. Med. 45: 544-547 (1988).

Browne, K. Is asbestos or asbestosis the cause of the increased
risk of lung cancer in asbestos workers? Br. J. Ind. Med. 43: 145—
149 (1986).

Warnock, M. L., and Churg, A. M. Association of asbestos and
bronchogenic carcinoma in a population with low asbestos expo-
sure. Cancer 35: 1236-1242 (1975).

. Cullen, M. R. Controversies in asbestos-related lung cancer. Oc-

cup. Med. 2: 259-272 (1987).

. Craighead, J. E., and Juliano, E. B. Asbestos-associated disease:

Can the issues be resolved in the courtroom? In: The Pathologist
and the Environment. International Academy of Pathology Mon-
ograph 26, 1985, pp. 211-221.

. Weill, H. Asbestos-associated diseases: science, public policy, and

litigation. Chest 84: 601-608 (1983).

. Churg, A. Current issues in the pathologic and mineralogic di-

agnosis of asbestos-induced disease. Chest 84: 275-280 (1983).
Warnock, M. L., and Isenberg, W. Asbestos burden and the
pathology of lung cancer. Chest 89: 20-26 (1986).

. Gaensler, E. A., McLoud, T. C., and Carrington, C. B. Thoracic

surgical problems in asbestos-related disorders. Ann. Thorac.
Surg. 40: 82-96 (1985).

Buchanan, W. D. Asbestosis and primary intrathoracic neo-
plasms. Ann. NY Acad. Sci. 132: 507-518 (1965).

Churg, A., and Wiggs, B. Mineral particles, mineral fibers, and
lung cancer. Environ. Res. 37: 364-372 (1985).

Pratt, P. C., and Kilburn, K. H. Extent of pulmonary pigmen-
tation as an indicator of particulate environmental air pollution.
Inhaled Part. Vap. 2: 661-670 (1971).

Case, B. W., and Sebastien, P. Environmental and occupational
exposures to chrysotile asbestos: a comparative microanalytic
study. Arch. Environ. Health 42: 185-191 (1987).



